Context: In obese men with lowered testosterone levels, testosterone treatment augments dietassociated loss of body fat.
reductions in sex hormone-binding globulin levels. More severe obesity, however, is also associated with reductions in free testosterone levels. This is due to central suppression of the hypothalamic-pituitary-testicular (HPT) axis in obese men because luteinizing hormone levels are usually low or inappropriately normal [1] . This obesity-associated HPT axis suppression is thought to be functional and mediated by excess adiposity, given that weight loss is associated with increases in luteinizing hormone and testosterone levels [2, 3] . Although the exact underlying mechanisms are unknown, the reversal of HPT axis suppression with weight loss suggests a pathogenic role for adipose tissue. Indeed, adipose tissue-derived adipokines such as leptin [4] and adiponectin [5] have been implicated in contributing to this obesityassociated HPT axis suppression. In addition, there is evidence that gut-derived hormones such as glucagonlike peptide-1 (GLP-1), gastric inhibitory polypeptide (GIP), peptide YY (PYY), pancreatic polypeptide (PP), ghrelin, and amylin have regulatory actions on the HPT axis [6] . Common to these adipose and gut-derived hormones are their roles in the modulation of body weight, fat mass, and appetite. A close interaction between nutritional status and reproduction in men is well documented, and there is compelling evidence that changes in circulating concentrations of these hormones play important roles in linking the regulation of reproduction to the control of energy homeostasis [6] . In contrast, potential reciprocal effects of gonadal hormones, such as testosterone, on circulating levels of adipokines and gut hormones are less well studied.
Testosterone is not only important in the regulation of reproductive function but is also an important determinant of body composition in men. In randomized controlled clinical trials, testosterone treatment consistently reduced fat mass and increased lean mass [7, 8] .
In observational studies, long-term testosterone treatment has also been associated with a reduction in body weight [9] . The mechanisms by which testosterone promotes fat loss may include effects on adipocyte differentiation and function [10] and improvements in mood and energy levels [11] , and in rodents, increased exercise [12] . Whether testosterone treatment affects hormonal regulators of adiposity, body weight, and energy balance is less well-known.
We recently showed that among obese men with lowered testosterone levels undergoing a rigorous weight loss program with a very low-energy diet (VLED), the addition of testosterone treatment led to greater loss of fat mass than that achieved by diet alone [13] . This led us to hypothesize that testosterone may modulate the circulatory concentrations of adipokines and gut hormones as a potential contributing mechanism to this effect. In a prespecified secondary analysis of this double-blind, randomized, placebo-controlled trial (RCT) in obese men with lowered testosterone levels, we comprehensively examined the effects of testosterone treatment on the key circulating hormonal adipokines and gut hormones implicated in biologically important roles in the regulation of fat mass and body weight, in addition to a rigorous weight loss program.
electrochemiluminescence immunoassay used at the study hospital for routine clinical care. Total testosterone was remeasured by liquid chromatography-tandem mass spectroscopy from frozen samples stored at 280°C at study end [14] . Key exclusion criteria [13] included classic hypogonadism due to pituitary or testicular disease, contraindications to testosterone treatment, use of weight-altering medications including insulin, previous VLED failure, and bariatric surgery. Participants were randomized to receive either 1000 mg of testosterone undecanoate (the standard ampoule strength in Australia) or visually identical placebo by deep intramuscular buttock injection at weeks 0, 6 (manufacturer-recommended loading dose), 16, 26, 36 , and 46 to ensure therapeutic trough levels of 10 to 15 nmol/L [13] . In addition, all subjects received a VLED providing 640 kcal per day for 10 weeks, followed by a 46-week weight maintenance phase based on the Australian Commonwealth Scientific and Industrial Research Organization Total Wellbeing Diet [13] .
C. Main Outcome Measures
The primary outcome of the RCT was change in fat mass [13] . The main prespecified exploratory outcome measures of this secondary analysis were changes in adipokine and gut hormone levels. Adipokines and gut hormones were measured as previously described [15] . All blood tests were drawn in the fasting morning state (8 AM to 10 AM), including into a BD P800 tube (BD, Franklin Lakes, NJ) for preservation of gut hormones, and were assayed in a single run. Total PP, PYY, and amylin levels were measured using the Millipore Human Metabolic Panel Milliplex kit (Merck, Darmstadt, Germany), with intra-assay coefficient of variation (CVs) of 5.86%, 6.73%, and 2.90% and interassay CVs of 5.25%, 9.60%, and 8.71%, respectively. Leptin, active GLP-1, GIP, and total ghrelin levels were measured using the Bio-plex diabetes panel (Bio-Rad, Hercules, CA) with intra-assay CVs of 5.51%, 7.37%, 3.57%, and 2.47% and interassay CVs of 13.44%, 6.90%, 3.15%, and 5.25%, respectively. Adiponectin was measured using a duo enzyme-linked immunosorbent assay kit (R&D Systems, Minneapolis, MN) with an intra-assay CV of 5.37% and an interassay CV of 7.64%. Changes in the levels of gut hormones between cases and controls over the follow-up visits were analyzed using a linear mixed model with restricted maximum likelihood estimator. The model included random intercepts per subject and, as fixed variables, the baseline levels of the respective outcome variable, three time points (i.e., at 0, 10, and 56 weeks), the group (i.e., placebo and testosterone), and the interaction of time point 3 group. The latter represents the measure of interest (i.e., between-group change over time), which was quantitatively expressed as mean adjusted difference (MAD) surrounded by the profiled 95% confidence interval (CI). P values for the change from 0 to 10, 10 to 56, and 0 to 56 weeks were conventionally adjusted for multiple testing by the Holm-Bonferroni method. In addition, the influence of baseline fat mass on leptin change was assessed in a three-way interaction. All tests were two-tailed, with P , 0.05 denoting statistical significance. Analyses were conducted using R version 3.3.2 for Mac, effects 3.1-2, and lme4 package 1.1-12 [16, 17] and SPSS version 22 (SPSS Inc., Chicago, IL).
D. Statistical Methods

Comparison
Results
A. Study Subjects
As described previously, of the 100 trial participants, 49 men were randomized to testosterone (i.e., cases) and 51 to placebo (i.e., controls) [13] . Eighty-two men completed the trial, 44 of 49 cases (90%) and 38 of 51 controls (75%; P = 0.099). The most common reason for noncompletion was failure to attend visits (testosterone = 3, placebo = 12).
Baseline characteristics, including circulating concentrations of adipokines and gut hormones, were comparable between the groups except for ghrelin, which was higher in the cases (Table 1) , likely a chance finding. Following 56 weeks of testosterone treatment, trough total testosterone level increased to 14.1 nmol/L in cases (recommended trough range, 10 to 15 nmol/L), whereas trough total testosterone level at study end increased to 10.0 nmol/L in controls, both P , 0.05 compared with baseline and significantly different between groups (P , 0.001) [13] . Weight loss after the 10-week VLED phase was 212.0 kg in cases and 213.5 kg in controls and was maintained at study end, 211.4 kg in cases and 210.9 kg in controls (Fig. 1) . The weight lost by cases comprised a greater loss of fat mass (MAD, 2.9 kg [25.7, 20.2]; P = 0.04), whereas controls lost more lean mass (MAD, 3.4 kg [1.3, 5.5]; P = 0.002), such that the total body weight lost at study end was no different between groups (MAD, 20.5 kg [24.3, 3.3] ; P = 0.80) [13] .
B. Change in Circulating Levels of Adipokines and Gut Hormones
At the end of the rapid weight loss VLED phase of the trial (week 10), both cases and controls showed changes in adipokine levels, with decreases in leptin and increases in adiponectin, and changes in gut-derived hormones, including decreases in PYY and amylin and increases in PP and ghrelin. These changes generally persisted at study end (week 56) (Fig. 2) . During the week 10 to week 56 weight maintenance phase, only GLP-1 levels changed significantly (MAD, 230.2 pg/mL [250.6, 29.9]; P = 0.011), whereas there were no significant betweengroup changes for other adipokines or gut hormones (P . 0.05).
With respect to group differences at study end (week 56) (i.e., the primary outcome measure of this current analysis), cases had reduced leptin levels (MAD, 23.6 ng/mL, [25.3, 21.9] ; P , 0.001) compared with controls ( Table 2 ). The leptin change between testosterone-and placebo-treated men was dependent on baseline fat mass, as the between-group difference progressively increased with increasing fat mass (Fig. 3) ; the MADs for the three-way interaction per 1 kg of fat mass were 20.28 ng/mL [20.35, 20.13] , P = 0.0004, at 10 weeks, and 20.26 ng/mL [20.31, 20.26] , P = 0.001, at 56 weeks. There were no between-group differences in other hormones (Table 2) .
At the end of the weight loss phase, the change in leptin level in the testosterone-treated men correlated with the change in circulating calculated free testosterone level (t = 0.24; 
C. Associations of Adipokines and Gut Hormones With Body Composition and Sex Steroid Levels at Baseline
In the entire group, leptin correlated with body weight (t = 0.27; P , 0001), BMI (t = 0.36; P , 0.0001), and total fat mass (t = 0.44; P , 0.0001) but not with visceral fat mass-quantified from single axial CT images at the L4-L5 intervertebral disk space as described [13] -or lean mass. Leptin level correlated with circulating estradiol level (t = 0.28; P , 0.0001) but not with total or free testosterone level. Ghrelin correlated inversely with BMI (t = 20.157; P = 0.020). GLP-1 (t = 0.16; P = 0.025), PP (t = 0.16; P = 0.025) and amylin (t = 0.14; P = 0.036) correlated with visceral fat mass. Other correlations of adipokines and gut hormones with body composition parameters or sex steroid levels were not significant. In the entire group, baseline concentrations of adipokines or gut hormones were not predictive of the amount of body weight or fat mass lost during the study.
Discussion
In this 56-week RCT of obese men subjected to a rigorous weight loss program, the addition of testosterone treatment led to reductions in circulating leptin concentrations beyond what was achieved by caloric restriction alone. Remarkably, the leptin change between testosterone-and placebo-treated men was dependent on their baseline fat mass, as the between-group difference progressively increased with increasing fat mass: the higher the baseline adiposity, the greater the leptin-lowering effect of testosterone treatment compared with placebo treatment. Changes in the concentrations of adiponectin and gut hormone levels were similar between testosterone-and placebo-treated men during the study. In both groups, weight loss-associated-changes in these hormones were evident after the 10-week VLED phase. These changes persisted at week 56 despite 46 weeks of weight maintenance, confirming and extending previous findings [15] . Thus, although testosterone treatment had an independent effect on leptin levels, changes in body weight and fat mass during diet exerted a more dominant effect on circulating concentrations of other key modulators of energy homeostasis than did testosterone treatment.
To date, only a few smaller RCTs have assessed the effects of testosterone treatment on adipokines and gut hormones to compare our findings. No previous RCT focused exclusively on obese men or included a rigorous weight loss program. In addition, previous RCTs did not adjust testosterone treatment effects for changes in fat mass, itself closely correlated with circulating concentrations of adipokines and gut hormones. Although testosterone treatment consistently decreased leptin levels in these previous RCTs [18] [19] [20] [21] , effects on adiponectin levels were conflicting, with some [19, 22] but not all [21, 23] reporting a decrease in adiponectin with testosterone treatment. RCTs reporting the effects of testosterone treatment on gut hormones are not available.
A. Testosterone Treatment and Adipokines
Physiologically, leptin reduces fat mass by promoting satiety and increasing energy expenditure. However, obese men are commonly leptin resistant, consistent with the positive correlation of circulating leptin levels with body weight and total adiposity in our cohort. Although previous RCTs did not adjust for changes in fat mass [18] [19] [20] [21] , our findings indicate that the testosterone effect on reducing circulating leptin level is not simply an indirect effect mediated by testosterone-associated reductions in body fat. Instead, they suggest that testosterone may directly inhibit leptin production in adipose tissue. This is consistent with reports that testosterone treatment suppresses leptin messenger RNA and leptin secretion from human adipose tissue in vitro [24] and that male mice with an adipose tissue-specific deletion of the androgen receptor have hyperleptinemia in the absence of increased body weight or adiposity [25] . Whether such testosterone-associated alterations in leptin levels, evident over and above those achieved by caloric restriction alone, are mechanistically involved in the regulation of body fat mass by testosterone requires further study. However, as suggested previously [26] , low testosterone levels may contribute to leptin resistance in obese men. Therefore, it is tempting to speculate that testosterone treatment may restore HPT axis responsiveness to leptin, which may in turn promote further reduction in fat mass. Increasing data have pointed to the importance of estradiol in regulating adipose tissue in men [27] . Although our study was not designed to examine this issue, the changes in leptin levels correlated with on-treatment changes in circulating levels of both free testosterone and estradiol.
As expected, weight loss was associated with progressive increases in circulating adiponectin levels in our cohort, but testosterone treatment had no independent effect on adiponectin levels. This is consistent with prospective studies in men with prostate cancer initiating androgen-deprivation therapy that reported an initial increase in adiponectin levels due to profound testosterone deficiency, which was subsequently offset by increased fat mass [28] . Thus, previous RCTs of testosterone treatment reporting a decrease in adiponectin levels [19, 22] may have been confounded by concomitant reductions in fat mass.
B. Testosterone Treatment and Gut Hormones
Testosterone treatment had no effect on circulating concentrations of gut hormones in dieting men. Although previous studies have implicated testosterone treatment in modulating circulating concentrations of gut hormones such as ghrelin [29] , our data suggest that any potential actions of testosterone on circulating gut hormones are overridden by mechanisms associated with changes in body weight and fat mass. In our cohort, initial weight loss was associated with changes in circulating concentrations of adipokines and gut hormones, and these changes generally persisted at study end following a 46-week period of successful weight maintenance. Similar persistent changes have been reported previously and have been hypothesized to facilitate weight regain after diet-induced weight loss [15] . This previous study was smaller (n = 50), had a higher dropout rate, and enrolled predominantly (68%) female participants, and participants regained weight during the study [15] . Hence, the current study confirmed these findings in a larger, exclusively male cohort with successful weight maintenance after the VLED phase. 
C. Strengths and Limitations
Strengths of the study include the exclusive focus on obese men with testosterone levels, measured by validated mass spectrometry [14] , that were substantially lower than levels reported in unselected community-dwelling obese men [30, 31] ; the administration of effective intramuscular testosterone, eliminating compliance issues; and the successful implementation of a rigorous weight loss program with a relatively low dropout rate.
Limitations include the fact that this study was a secondary, albeit prespecified, analysis of an RCT designed to assess the effects of testosterone treatment on body composition [13] . In addition, we did not assess changes in appetite or dynamic food intake-dependent changes in adipokine or gut hormone levels.
Conclusions
In this comprehensive evaluation of testosterone effects on circulating levels of key adipokines and gut hormones in an RCT among obese men subjected to a rigorous weight loss program, we found that testosterone treatment reduced leptin levels above and beyond the effects of diet alone. The lower leptin levels in testosterone-treated men may reflect a lessening of leptin resistance by mechanisms other than a reduction in adiposity, as leptin levels were lower in testosteronetreated men even with adjustments for the loss of fat mass. By contrast, changes in weight and fat mass during diet exerted a more dominant effect on circulating concentrations of other key modulators of energy homeostasis compared with testosterone treatment. Whether this potential reduction in leptin resistance is clinically important in mediating testosterone-related changes in body composition requires further study. In conjunction with the metabolically favorable effects of testosterone on body composition and modest improvements in androgen deficiency-like symptoms added to diet-induced weight loss reported elsewhere [13, 32] , we posit that obese middle-aged men with lowered testosterone levels constitute a population that should be targeted in larger clinical trials to further assess the long-term benefits and risks of testosterone treatment in combination with lifestyle measures.
